The springtime transition to regional-scale onset of photosynthesis and net ecosystem carbon uptake in boreal and tundra ecosystems are linked to the soil freezethaw state. We present evidence from diagnostic and inversion models constrained by satellite fluorescence and airborne CO 2 from 2012 to 2014 indicating the timing and magnitude of spring carbon uptake in Alaska correlates with landscape thaw and ecoregion. Landscape thaw in boreal forests typically occurs in late April (DOY 111 AE 7) with a 29 AE 6 day lag until photosynthetic onset. North Slope tundra thaws 3 weeks later (DOY 133 AE 5) but experiences only a 20 AE 5 day lag until photosynthetic onset. These time lag differences reflect efficient cold season adaptation in tundra shrub and the longer dehardening period for boreal evergreens.
model prior bias, (ii) inverse method (scaling factor + optimization window), and (iii) sparsity of available Alaskan CO 2 observations. Another global inversion with zero prior estimates the same timing for net carbon uptake as the regional model but smaller seasonal amplitude. The analysis of Alaskan eddy covariance observations confirms regional scale findings for tundra, but indicates that photosynthesis and net carbon uptake occur up to 1 month earlier in evergreens than captured by models or CO 2 inversions, with better correlation to above-freezing air temperature than date of primary thaw. Further collection and analysis of boreal evergreen species over multiple years and at additional subarctic flux towers are critically needed.
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| INTRODUCTION
The future trajectory of the Arctic-Boreal Zone as a net carbon (C) sink or source is of global importance due to vast quantities of C stored in permafrost (Hugelius et al., 2014) . Climate warming threatens to thaw and release permafrost C back to the atmosphere as the greenhouse gases, carbon dioxide (CO 2 ) and methane, creating a positive feedback and promoting further global warming (Hinzman et al., 2013) . At the same time, warming can lead to higher productivity (Natali, Schuur, & Rubin, 2012) , creating temporary C sinks via increased above-ground biomass and delayed decomposition, and offsetting potential C losses. The remainder of this paper focuses on C in the form of CO 2 .
The balance of net ecosystem C gain and loss processes is strongly modulated by land surface freeze-thaw dynamics, the timing and duration of seasonal soil thawing (defined as the transition from frozen to unfrozen soil water state), vegetation growing season, and surface moisture supply (Kim et al., 2014; Yi, Wischnewski, Langer, Muster, & Boike, 2014) . In spring, plant productivity (denoted as gross primary production or GPP) is hindered by cold temperatures and lack of liquid water in frozen soils and snow cover. Climate warming promotes earlier landscape thawing (Goulden, 1998) , reduced spring snow cover duration (Lawrence & Slater, 2010) , earlier budburst (Badeck et al., 2004) , and longer growing seasons (Barichivich et al., 2013) . These processes lead to higher GPP through simultaneous warming, CO 2 fertilization, and increased woody biomass (Bhatt et al., 2010; Elmendorf et al., 2012; McGuire et al., 2012) . Earlier spring snow melt and thawing also expose the land surface to increasing solar absorption resulting in a longer decomposition season, active layer deepening, extended zero curtain period, and talik formation, which can stimulate terrestrial ecosystem respiration (TER) through enhanced soil warming and water drainage (Lawrence, Slater, Romanovsky, & Nicolsky, 2008; Romanovsky & Osterkamp, 2000) .
The impacts of changes in growing season length on annual C balance are not well modeled (Schaefer et al., 2012) . In particular, earth system models used in IPCC climate assessments predict photosynthetic-growing season onsets that are systematically early on local (Peng et al., 2015) to regional scales . In turn, GPP biases propagate through the model and affect the timing and magnitude of estimated net biosphere production (NBP; Wang et al., 2012) , representing the balance of GPP and TER (NBP = GPP-TER). As climate change at high latitudes promotes earlier and longer growing seasons (Barichivich et al., 2013; Kim, Kimball, Zhang, & McDonald, 2012) , while the photoperiod remains fixed, models with early spring bias in the current climate are likely to underestimate the photosynthetic response to future warming.
Consequently, errors in the simulation of growing season onset and duration provide a plausible explanation for the tendency of earth system models to underestimate peak-growing season C uptake in response to climate warming (Graven et al., 2013) .
It is well known that changes in spring GPP onset in cold northern latitudes corresponds closely with changes in the date of soil thaw when liquid water becomes available (Black et al., 2000; Goulden, 1998; Jarvis & Linder, 2000; Troeng and Linder, 1982) .
In evergreen needleleaf forests (denoted evergreens), assimilated C initially accumulates as starch following soil thaw and then is used to grow new foliage, branches, and stem during the growing season peak (Bergh, McMurtrie, & Linder, 1998) . GPP onset can occur several weeks prior to changes in biomass in conifers (Ottander, Campbell, & Oquist, 1995; Richardson, Braswell, Hollinger, Jenkins, & Ollinger, 2011; Soukupova et al., 2008) , but the spring-dehardening period, during which plants undergo the biochemical changes needed for green-up, can slow recovery from winter dormancy (Ensminger, Schmidt, & Lloyd, 2008) . Land surface models that do not account for effects of frozen soils or recovery of photosynthetic capacity in spring and summer overestimate GPP gain by up to 10% across the entire permafrost domain (Jafarov & Schaefer, 2016) and up to 40% in boreal forests (Bergh et al., 1998) . However, the relationship between spring GPP onset and soil freeze-thaw is complicated by confounding air temperature and snow cover effects, which can lead to GPP onset PARAZOO ET AL.
| 3417 while soils are frozen (Arneth, Lloyd, Shibistova, Sogachev, & Kolle, 2006; Ensminger et al., 2004; Gonsamo, Chen, Price, Kurz, & Wu, 2012; Jonsson, Eklundh, Hellstr€ om, B€ arring, & J€ onsson, 2010; Pulliainen et al., 2017; Walther et al., 2016) .
Tundra ecosystems in the far northern Alaskan and Siberian
Arctic also show a pattern of increased GPP and NBP in spring with warming and earlier soil thaw and snow melt (Arneth et al., 2006; Griffis, Rouse, & Waddington, 2000; Harazono, Mano, Miyata, Zulueta, & Oechel, 2003; Lafleur & Humphreys, 2007; Ueyama et al., 2013) . The length of time from soil thaw to onset of GPP and net C uptake (date when ecosystem shifts from net C source to net sink), however, varies under different environmental conditions and vegetation types. Simultaneous increases in soil respiration (i.e., TER) with GPP following thaw and snow melt can delay daily net C uptake by 5-23 days depending on ambient temperature (Lafleur & Humphreys, 2007; Oberbaur, Starr, & Pop, 1998) . Ecosystem type and fraction of evergreen vs. deciduous species are also important. Multiyear observations from a cluster of flux towers on the Alaskan North Slope show much stronger correlation of thaw date with heath-and wet-sedge tundra than with tussock tundra (Euskirchen, Bret-Harte, Shaver, Edgar, & Romanovsky, 2017) . Likewise, evergreen mosses and lichens transition to net uptake within 1 week of snow melt, while deciduous shrubs transition more slowly over 1-3 weeks (Lafleur & Humphreys, 2007) . Direct observations of Sphagnum (moss) along the northern coast of Alaska, near Barrow, show very weak levels of initial photosynthesis following snow melt due to photoinhibition as a stress response to high radiation levels, causing a delay in net C uptake of~3 weeks (Zona et al., 2011) . The exact timing of spring GPP onset and transition to net C uptake in Arctic tundra and in boreal ecosystems is, thus, not well established at regional scale, in part due to sparse and variable results from field measurements, and also because reliable indicators of GPP onset are limited. Solar-induced chlorophyll fluorescence (SIF) measures a direct outcome of foliar light absorption by chlorophyll and provides an important seasonal GPP proxy (Frankenberg et al., 2011; Parazoo et al., 2014) . Recent satellite SIF measurements have been used to accurately represent the timing of spring GPP onset and the duration of growing season C uptake in Alaskan ecosystems Jeong et al., 2017; Luus et al., 2017; Walther et al., 2016) . In particular, Luus et al. (2017) show green-up and budburst to occur 1-2 weeks prior to SIF-based GPP onset in northern high latitude deciduous tundra ecosystems. Moreover, leaf-level SIF measurements show close correspondence to photochemical reflectance index and chlorophyll carotenoid index optical indices during spring photosynthetic activation (from gas exchange measurements) in boreal evergreens, reflecting a reversal of nonphotochemical quenching and leaf pigments in spring with changes in chloroplast functioning during cold dehardening (Springer, Wang, & Gamon, 2017; Wong & Gamon, 2015) . Especially in evergreens, SIF remote sensing has potential to provide a powerful measure of the reactivation of photosynthesis in spring at large spatial scales, which is otherwise invisible and difficult to assess with reflectancebased optical indices (Walther et al., 2016; Wong & Gamon, 2015) .
The analysis of SIF-GPP relationships in Alaska has shed light on the effects of plant structural vs. functional phenology changes on seasonal C fluxes across key Arctic biomes and helped quantify Alaskan C balance , but have not yet clarified links between plant phenology and environmental effects in driving seasonal onset of GPP and net C uptake. As such, our quantitative and mechanistic understanding of links between environmental forcing, phenology response, and plant C uptake across tundra and boreal ecosystems requires further refining and improved estimates of the timing of thaw, GPP, and net C uptake at regional scale. Here, we establish empirical relationships between spring thaw, GPP onset, and net C uptake at regional scale as derived from established GPP and NBP estimates constrained by satellite fluorescence and airborne CO 2 observations in Alaska . We also analyze regional estimates against eddy covariance observations at boreal and tundra tower sites in interior and North Slope Alaska. By quantifying these relationships, we seek to determine the extent to which landscape thaw controls the timing of GPP and net C uptake onset in northern ecosystems and understand the ecosystem dependencies and physiological mechanism behind the timing and time lag of thaw and C fluxes.
| MATERIALS AND METHODS

| Freeze-thaw state determination
Daily 10-km resolution maps of the bulk freeze-thaw state of the Alaskan land surface were determined for 2012-2014 using passive microwave observations from the Advanced Microwave Scanning Radiometer-EOS (AMSR-E) and the Special Sensor Microwave Imager/ Sounder (SSMIS-F17). The freeze-thaw mapping algorithm is based on wavelet analysis, which uses a time series singularity classifier to identify the timing of freeze-thaw and snow melt transitions (Steiner, McDonald, Dinardo, & Miller, 2015; Steiner, McDonald, & Miller, 2017a,b; Steiner & Tedesco, 2014) . A brightness temperature gradient (K-K a Bands), sensitive to transitions between frozen and liquid state of water caused by contrasts in the bulk landscape complex dielectric constant, is used to determine freeze-thaw status (Zhang, Kimball, Kim, & Mcdonald, 2011) . Peak diurnal difference brightness temperatures determine snow melt status (Ramage & Isacks, 2002) . Here, freezethaw state represents the transition of bulk Alaskan landscapes from frozen to unfrozen conditions and does not distinguish between landscape components (soil, vegetation, and snow).
| Regional GPP and NBP flux estimates
Regional GPP is taken from the Polar Vegetation Photosynthesis and Respiration Model (PVPRM; Luus & Lin, 2015) . PVPRM is a functional representation of ecosystem C fluxes parameterized using eddy covariance data for seven arctic and boreal vegetation types; it is applied regionally and temporally using prescribed satellite phenology and North American Regional Reanalysis (NARR) meteorology to obtain three hourly GPP, TER, and NBP at 1/6°latitude 9 ¼°longi-tude in Alaska. Phenology is driven by monthly SIF from the Global Ozone Monitoring Experiment-2 (GOME-2) satellite (Joiner, Yoshida, Vasilkov, Schaefer, & Jung, 2014; Luus et al., 2017) . GOME-2 SIF at 740 nm is derived using a statistically based retrieval, which optimizes model parameters for atmospheric absorption, surface reflectance, and fluorescence radiance using empirical principal component analysis, to enhance retrieval precision and reduce noise. Cloud screening is applied such that only pixels with cloud fraction <40% are retained, removing primarily heavily clouded (overcast) pixels within the 40 9 80 km GOME-2 footprint. The main effect of the remaining clouds is a shielding effect, which masks a fraction of the observed scene (80% of surface observed for 40% cloud cover and cloud optical thickness up to 10) but does not alter the spectral signature of fluorescence (Joiner et al., 2012; Joiner et al., 2014) . To alleviate reduced signal-to-noise soundings for low sun angles over snow and other high albedo surfaces in northern high-latitude spring, GOME-2 SIF values are additionally screened for solar zenith angles less than 60°and cloud fractions below 20%, aggregated monthly and separately calculated for each vegetation class, then weighted according to component vegetation fractions at each PVPRM pixel . We refer to SIF-driven GPP as PVPRM-SIF GPP.
We also compare monthly constrained PVPRM-SIF GPP to 5-day mean SIF (same screening criteria) to assess the impact of monthly aggregation on seasonal transitions.
PVPRM NBP in Alaska is further optimized using atmospheric We provide an indirectly optimized estimate of TER as the difference between PVPRM-SIF GPP and CARVE-Opt NBP, replacing the unconstrained estimate provided by PVPRM. Given that PVPRM-SIF and CARVE-Opt are directly constrained by observations, we consider TER the more uncertain term in this analysis. Since NBP is a small number that balances larger GPP and TER components, small errors in NBP and GPP could lead to large-compensating errors in TER. To reduce these compensating errors, we apply a constraint on the signs of TER and GPP to ensure that the estimated TER is physically realistic (Bloom & Williams, 2015) , and estimate TER as We analyze CARVE-Opt NBP against an ensemble of three global inverse estimates constrained against satellite or surface CO 2 observations: (i) NASA Carbon Monitoring System Flux (CMS-Flux) estimation and attribution strategy (Liu et al., 2014 (Liu et al., , 2017 Ott et al., 2015) constrained by column CO 2 from the Greenhouse gases Observing SATellite (GOSAT) using the v7.3 ACOS retrieval algorithm; (ii) CarbonTracker 2016 (CT2016) (Peters et al., 2007, ) and air temperature Reichstein et al., 2005 ). An additional technique using daytime light partitioning at ATQ and IVO (Lasslop et al., 2010 ) is analyzed for comparison. All NBP and GPP estimates are processed as half hourly means, then gap filled and averaged daily.
The data-processing methodologies for BON and IMN are described in Euskirchen, Edgar, Turetsky, Waldrop, and Harden (2014) and Euskirchen et al. (2017) , respectively, and for ATQ and IVO in Goodrich et al. (2016) . For each location, we sample PVPRM-SIF GPP and CARVE-Opt NBP only for years with available eddy covariance data from 2012 to 2014 (see Table 1 ). which are dominated by moss and evergreen dwarf shrubs (Davidson et al., 2016) . ATQ has land cover typical of arctic wetlands .
BON is our
| Analysis
We analyze the period 2012-2014 in Alaska (58°N-72°N, 140°W-170°W) due to the availability of CARVE-Opt data. All regional freeze-thaw, GPP, and NBP datasets are aggregated to 0.5°9 0.5°a nd then averaged across years to provide a 3-year climatology. This Table 1 ) study focuses on climatological spatial patterns over this period, rather than year-specific patterns or interannual variability, to provide a first assessment of thaw-C uptake patterns over Alaska. We define seasonal-onset dates for snow melt, thaw, GPP, and net C uptake for each grid point in the climatological mean. We acknowledge our short 3-year period provides a small sample of northern high-latitude springs but captures a range of variability including an average spring in 2012, cool and late spring in 2013, and warm and early spring in 2014 Cox et al., 2017; Davidson et al., 2016; Euskirchen et al., 2014) .
Primary spring thaw is defined as the first DOY when a 14-day running filter contains at least 13 days when the land surface was classified as thawed. This high threshold (13 of 14 days, or 93%) discriminates against early "false thaws" and extended diurnal thaw-refreeze cycles that characterize the Alaskan spring. Previous work (Kim et al., 2012) demonstrates that even an 80% threshold is insufficiently stringent and defines a growing season start date that is too early. Snow melt date is identified as a one-time switch indicating wet snow with sensitivity to melt-refreeze cycles minimized. We analyze freeze-thaw date as the primary switch for GPP onset, but provide a brief analysis of snow melt to provide context for spring respiration. We define the GPP-onset date as the mean DOY when GPP is between 10% and 20% of GPP max for that year, accounting for observation noise and range of transition dates from slow to rapid spring recovery in tundra and boreal ecosystems. We define the net C uptake start as the first DOY when NBP > 0 gC m
We analyze only grid points with average elevation <1,300 m 
| RESULTS
| Flux tower evaluation
Observationally constrained estimates of seasonal GPP and NBP (PVPRM-SIF and CARVE-Opt, respectively) are sampled at and compared to eddy covariance towers (for years with available eddy covariance data, Table 1) PVPRM-SIF overestimates growing season GPP at the northern most site (ATQ, Figure S1H ) by a factor of 2-3 depending on partitioning technique (larger error using daytime partitioning at IVO and ATQ). Figure S6 ). As such, sampling NBP at the native resolution produces higher agreement with tower data than prior and optimized NBP at coarser resolution ( Figure S2 ).
Across-site averages of GPP and NBP for combined tundra Overall, flux towers and observationally constrained estimates show consistent patterns of C flux onset when averaged across boreal and tundra locations. This includes earlier onset of GPP and net C uptake at our boreal location and lag times of~4 weeks between thaw and GPP onset at tundra locations. We also find consistent time lags between onset of GPP and net C uptake, with shorter lags in tundra (15 vs. 9 days for observationally constrained and eddy covariance estimates, respectively) and longer lags for boreal (17 vs. 24 days).
Focusing on the relative time lag between thaw and GPP onset shows very different patterns in boreal vs. tundra; PVPRM-SIF shows similar time lags in boreal and tundra locations (~33 days), whereas flux towers show no lag in boreal forests but a 33-day lag in tundra. These discrepancies are attributed primarily to late GPPonset bias in PVPRM-SIF in boreal forests, which is linked in part to late morning GOME-2 SIF snapshots and thus unresolved diurnal photosynthetic signals in evergreens (e.g., Figure S7 ). We elaborate on these discrepancies in the Discussion. Regional patterns of thaw and onset of GPP and net C uptake are examined in more detail below.
| Regional analysis
In contrast to eddy covariance data, regional analysis indicates a systematic pattern of reduced time until GPP onset for later thaw dates. Figure 3a -c shows spatial gradients of spring-onset dates for thaw, GPP, and net C uptake. Mean-onset dates for boreal and tundra regions are summarized in While thaw and GPP-onset dates are later in tundra compared to boreal regions, the lag time between thaw and GPP onset ( . Tundra fluxes are averaged over the cluster of Hedge, Sedge, and Tussock sites at IMN and individual sites at IVO and ATQ (five sites total). CARVE-Opt and PVPRM-SIF are sampled at towers only for years when growing season eddy covariance data are available, which differs between sites (see Table 1 ). Onset dates for snow melt, thaw, GPP, and net carbon uptake shown in vertical dashed lines. Five-day mean retrievals of GOME-2 solar-induced fluorescence (SIF) and standard error sampled in a 2°9 2°grid box surrounding eddy covariance tower and normalized by PVPRM-SIF are shown in gray in a-b. Thaw, GPP, and net C sink-onset dates are provided in Table 2 . Positive NBP values denote net sink of atmospheric CO 2 . Seasonal C flux dynamics are well represented by observationally constrained estimates in tundra but show delayed spring onset compared to the black spruce forest 
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Maps showing spatial patterns of spring-onset dates for landscape thaw, GPP, and net C uptake at regional scale for Alaska. (a) Spring thaw date, representing the transition of the landscape from frozen to thawed conditions, is derived from AMSR-E and SSM/I. (b) Spring GPP onset, representing the date when ecosystem GPP reaches 10% of the growing season peak, is derived from PVPRM-SIF. (c) Net C uptake, representing the spring transition from net C source in winter to net C sink in summer, is derived from CARVE-Opt, a regional flux inversion for Alaska constrained by airborne CO 2 profiles. Number of days between thaw and GPP onset (d), thaw and net C uptake (e), and GPP onset to net C uptake (f) are estimated as the difference between maps in a-c. Values in a-c are plotted as day of year (DOY). This shows similar spatial patterns of the timing of spring thaw and GPP onset, and a decrease in the number of days from thaw to spring onset moving from south to north along the boreal-tundra gradient date is three times stronger on average in boreal forests (e.g., À0.9 AE 0.09 gC m À2 day À1 per 2 weeks) than in tundra (e.g.,
À0
. ). As such, the sensitivities of GPP and NBP to thaw in tundra are of similar magnitude while sensitivities for boreal forest are 2-3 times weaker for NBP than GPP. The relationship between spring GPP and NBP for tundra and boreal ecosystems is summarized in Figure 4d .
Overall, NBP increases at half the rate of GPP (y = 90.5x + 0.5), but with higher overall sensitivity in tundra (À0.7 AE 0.09) than boreal (À0.35 AE 0.02), and reduced sensitivity for lower GPP (tundra = À0.6 AE 0.1; boreal = À0.5 AE 0.1).
The reduced sensitivity of NBP to GPP in boreal points to TER onset as a key factor, also driven by thawing, which offsets the initial spring GPP. Aggregated plots of TER (Figure 5a ) show an initial increase between snow melt and landscape thaw (DOY 100 AE 10 and 111 AE 7, respectively),~4 weeks prior to GPP onset (DOY 141 AE 5). The transition from onset of GPP to net C uptake (DOY 145 AE 10) is short throughout boreal forests (Figure 3f ), but the C uptake rate is initially slow (À1.2 gC m À2 month À1 ) due to synchronous increases in GPP and TER following GPP onset. C uptake accelerates in early June as respiration levels off with substrate depletion and GPP fully recovers from winter.
Regional mean-onset dates for boreal GPP (DOY 141 AE 5) and net C uptake (DOY 145 AE 10) are early, and corresponding lag time (4 AE 7 das) short, compared to eddy covariance observations at BOR (DOY 104 and 128, and 24 day lag, respectively). However, the lag time is highly variable at regional scale (AE7 days). Furthermore, the lag time sampled at the tower (17 days) corresponds more closely with eddy covariance data (20 days). This suggests that the dynamics driving net C uptake onset are not well captured by CARVE-Opt at BOR and potentially other boreal locations, due to sparse airborne CO 2 coverage before mid-May and coarse spatial resolution of CARVE-Opt. Enhanced airborne sampling after midMay leads to improved representation of the transition from GPP to net C uptake onset.
Respiration offsets an even larger fraction of spring GPP in tundra ( Figure 5b ) due to early respiration in mid-April (similar timing to boreal) and delayed GPP onset (10 days later than boreal). The timing of TER onset corresponds closer to the mean-onset date of snow melt (DOY 112 AE 12) than landscape thaw (DOY 127 AE 10), consistent with onset of subnivean respiration. The GPP delay also causes a slight phase shift between GPP and TER seasonal cycles, increasing the transition time from the onset of GPP (151 AE 5) to net C uptake (163 AE 10 days) by a factor of 3 compared to boreal (13 AE 7 days).
Longer transition times are found throughout western and North
Slope tundra, with longest times just north of the Brooks Range (Figure 3f) . Consequently, the transition time from thaw to net C uptake is delayed in tundra by 37 AE 9 days (Figure 3e ), similar to the boreal transition (34 AE 9 days), but leads to a 50% higher NBP following the transition to net C uptake (À1.8 gC m À2 month
À1
). Regional T A B L E 2 Mean (AESD) [Min Max] dates (DOY) for regional estimates of spring snow melt, landscape thaw, GPP onset, C sink onset, and mean time lags (days) between thaw and GPP onset and between thaw and C sink onset. Results are shown at eddy covariance (eddy covariance) towers (eddy covariance observations shown in parentheses), EPA Level II and III ecoregions (rows 3-7), and for combined tundra and boreal ecoregions (rows 8-9) 155 (155) 170 (164) 33 (33) 48 (42) 15 (9) Boreal: BON 102 104 136 (104) 153 (128) 32 (0) 49 (24) 17 ( | 3425 mean C flux-onset dates and lag times in tundra are consistent and within the uncertainty of eddy covariance data analyzed in this study.
Region
| Analysis against other CO 2 inversion systems
Our reported spring C uptake patterns are specific to CARVE-Opt, which represents an estimate of Alaskan regional-scale dynamics ). Positive NBP denotes net C uptake by plants. Colors denote the five ecoregions of interest. Regression lines are plotted for each ecoregion in (a). Regression statistics are reported for all points combined in each subpanel. We note several emergent patterns: (i) the relationship between dates of spring GPP onset and landscape thaw are consistent across ecoregions, (ii) the magnitude of GPP is more sensitive to thaw date in boreal than tundra, (iii) NBP magnitude is equally sensitive to thaw date in boreal and tundra, and (iv) NBP is more sensitive to GPP change, and hence thaw date, in tundra is much improved compared to CASA-GFED3. However, the timing of the spring and fall transitions is generally fixed relative to CASA-GFED3, which is early compared to CARVE-Opt in spring. In contrast, CT2016 shows a shift in both the seasonal amplitude and phase relative to its prior, CASA-GFED4.1. Although CASA-GFED4.1 also has an early bias, CT2016 forces a delay in net C uptake onset in boreal and tundra regions in closer agreement with CARVE-Opt across the range of fossil fuel, ocean, and biosphere priors in the CT2016 ensemble. The inversion does not have substantial impact on the seasonal amplitude or duration of drawdown following peak uptake, which is underestimated compared to CARVE-Opt. An explanation of spring timing difference across inverse methods is provided in the Discussion.
Finally, we examine the source of the early spring bias in CASA-GFED. Previous analyses of CASA in lower latitude boreal forests characterized GPP as generally well represented in satellite-constrained diagnostic models, and that differential phasing of TER with respect to GPP is needed to accurately estimate NBP timing surrounding the growing season peak (Messerschmidt et al., 2013) . Our analysis of cold northern boreal and tundra ecosystems suggests the opposite; the timing of spring TER onset is well represented in CASA-GFED, while GPP onset is systematically early in boreal and least an extra week to reach 10%-20% capacity due to pigment adjustments (e.g., Ottander et al., 1995) .
In Alaskan tundra, PVPRM-SIF indicates a weak physiological response for the first 2 weeks after thaw onset followed by a more rapid response, with 15% of peak annual GPP attained after 3 weeks and peak GPP after 8 weeks. Low initial GPP, especially in northern Alaska, is attributed to high radiation exposure with later thaw; incident radiation along the North Slope and Brooks Range exceeds Boreal Interior values by 20% and represents a larger percentage of peak annual radiation (82% vs. 67%). This apparent light stress, and subsequent rapid recovery, is supported by evidence from Sphagnum moss near Barrow, Alaska, which shows low levels of photosynthesis early in the season due to photoinhibition, then the development of subsurface moss layers and structural protection from high radiation later in the season, enabling increased photosynthetic capacity with reduced risk of light damage (Zona et al., 2011) . High nitrogen (N) availability early in the growing season, driven by decreases in microbial biomass and release of N during snow melt, provides further stimulus to photosynthesis under snow and following snow melt (Brooks, Williams, & Schmidt, 1998; Larsen, Grogan, Jonasson, & Michelsen, 2007; Starr & Oberbauer, 2003) . The convergence of soil thawing and seasonal phenology with latitude thus appears to reflect the efficient adaptation of high-latitude shrubby ecosystems to cold, high light, and nutrient rich environments and the need to maximize the number of growing days and soil liquid water availability during the short thaw season.
These same factors (warm temperatures and high N availability at thaw onset) also stimulate the decomposition of soil organic carbon by microbes, leading to simultaneous increases in soil respiration (Lafleur & Humphreys, 2007; Oberbaur et al., 1998) . Furthermore, competition for N by plants and microbes leads to a crash~1 month following snow melt, such that tundra plants become N limited (Larsen et al., 2007) . These studies are consistent with our finding of delayed time from GPP onset to net C uptake, roughly 2 weeks (14 AE 8 days) in the Tundra North Slope.
Although we estimate a longer time lag in boreal forests on average, we note the difference from tundra is within the statistical uncertainty, thus permitting cases where time lag is reversed and shorter in boreal forests. Evidence from mire (tundra) and pine (boreal) sites in Siberia sharing similar climate indicate a shorter time lag in the pine forest, which exhibits a rapid physiological response to above zero temperature even when there is snow on the ground (Arneth et al., 2006; Euskirchen et al., 2014) . Needleleaf trees such as black spruce at Bonanza Creek show a negative lag (GPP reaches 15% of peak prior to thaw) triggered by early warming ( Figure S7 
| Limitations and uncertainties for SIF and CO 2 observations
In evaluating PVPRM-SIF and CARVE-Opt C flux patterns against eddy covariance data, we find good representation of tundra C flux seasonality and earlier GPP onset in boreal forests, but a potential late-onset bias in the timing of spring onset of GPP and net C uptake in boreal forests. We analyze temperature forcing for a cold bias in PVPRM, which might lead to late GPP onset, but find good agreement to observed temperature at Bonanza Creek ( Figure S9 ).
The following limitations in our use of satellite SIF for constraining spring onset of evergreen photosynthesis provides a more likely explanation: (i) GOME-2 overpass time, (ii) assumed SIF-GPP linearity, (iii) monthly aggregation.
First and foremost, we note that the GOME-2 SIF late morning overpass in Alaska (~11:30 a.m.) hinders the observation of early season peak daytime photosynthesis in high-latitude evergreens, PARAZOO ET AL.
| 3429 which can occur even if morning or daily mean temperatures are below freezing (as discussed above), or under transitional (AM frozen, PM thawed) thaw events (Kim et al., 2012) . The switch from negative to positive SIF signals at Bonanza Creek occurs following a significant rise in morning temperature of 3-5°C above freezing and near primary thaw ( Figure S7 ). As such, PVPRM-SIF is unlikely to capture early GPP onset in boreal evergreen forests when constrained solely by spaceborne spectrometers with morning overpasses. Instruments with midday overpass, such as TROPOMI and OCO-2 (e.g., Guanter et al., 2015) , are better suited to capture daytime signals, but inadequate by themselves to detect transitional thaw events, and thus cannot represent true daily mean SIF. OCO-2 also lacks the temporal resolution (16 day repeat cycles) to resolve the spring transition (e.g., Sun et al., 2018) . Ideally, a harmonized product combining spatially resolved, polar-orbiting instruments with morning (GOME-2, SCIAMACHY) and midday (TROPOMI, OCO-2) is needed.
It is important to note, however, that SIF is not as well correlated with photosynthesis during the early growing season when leaf-level photochemistry precedes increasing SIF emissions (Springer et al., 2017) . In evergreens, the SIF-GPP relation changes seasonally with changes in nonphotochemical quenching (NPQ) and shifts in carotenoid pigments during transition seasons (Ottander et al., 1995) . Increasing pigmentation in fall functions to shed more absorbed energy as NPQ than SIF over winter months (DemmigAdams & Adams, 1996; M€ uller, Li, & Niyogi, 2001; Ottander et al., 1995; Porcar-Castell, 2011) and in early spring with increasing exposure to harmful radiation (Arneth et al., 2006) . Increases in absorbed light and temperature in spring during the cold dehardening period cause relative declines in carotenoid pigments and increases in chlorophyll concentrations, leading to increasing photosynthetic activity, reduced NPQ, and increased dissipation of absorbed light as SIF (Springer et al., 2018; Wong & Gamon, 2015) . The increase in SIF and GPP in evergreens is gradual due to the gradually changing pigment ratios of carotenoids and chlorophyll (Wong & Gamon, 2015) . Although a recent analysis of GOME-2 SIF has supported a temperature triggered early-onset mechanism at pan-Arctic scale (Walther et al., 2016) , our results suggest that true onset may occur several weeks earlier. We, thus, recommend the use of additional remote-sensing indices such as chlorophyll carotenoid index (CCI) and photochemical reflectance index (PRI) with midday and morning SIF to interpret the full dynamical range of photosynthesis during spring onset (Springer et al., 2017) .
This research has also demonstrated that our method to aggregate GOME-2 SIF retrievals by month and biome class, with linear interpolation between values , is inadequate to resolve spring transitions at high latitudes. Analysis of 5-day mean SIF retrievals, for example, suggest earlier photosynthetic recovery at BON than in the regional average of Alaskan evergreens (Figure 2a) . Future efforts to reduce these errors and interpret patterns of thaw vs. C flux onset requires at a minimum nonlinear interpolation methods for monthly SIF and ideally more spatiotemporal explicit application of satellite SIF data in light use efficiency models.
More sustained early season, spatially intensive sampling of airborne CO 2 and longer term eddy covariance fluxes and from additional sites in high northern boreal forests is also needed. ( Figure S8 ). We suspect that the reduced summer sink is related to a local respiration source from underlying permafrost and thermokarst near the tower, which is undetected by CARVE flights. Third is the lack of consistent airborne CO 2 flights from early April to late May during the eddy covariance NBP transition. Thus, our NBP estimate during this period relies on PVPRM, which estimates a delayed net C uptake onset following late GPP onset. Fourth is the relatively short 3-year record. Significant natural year-to-year variability in the onset of thaw, phenology, and gross/net C uptake at ecosystem and regional scale is common in Alaska (e.g., Kim et al., 2012 ) and makes it difficult to examine climatological spatial patterns over short records. Although the focus of this research is regional scale and thus limited by data availability, we note that ongoing measurements of satellite SIF and airborne CO 2 from the recent NASA Arctic-Boreal Vulnerability Experiment (ABoVE, https://above.nasa.gov) will provide a longer period of record to analyze interannual variability.
SIF-based GPP-onset biases in forests feed
| Limitations and uncertainties for eddy covariance observations
We also note the factor of 2-3 overestimation of GPP at ATQ by 
| Implications for top-down and bottom-up estimates of net carbon exchange
Our results also indicate similar time lags from thaw to net C uptake onset in tundra and boreal (~5 weeks), such that net C uptake occurs later in tundra, with exact timing depending on vegetation type (wet sedge, heath, tussock) ( Figure S2 ). Delayed tundra uptake is captured in global inverse models, but with net C uptake onset too early in spring and too shallow in summer. Further assessment of CMSb73, which has the most severe spring timing bias, indicates a link to early net C uptake onset in the CASA-GFED prior and exacerbated by the estimation of monthly scale factors for net exchange and limited seasonal coverage of satellite observations. Since CMSb7.3 and CT2016
share a similar prior in CASA-GFED, we can identify three additional factors contributing to difference in spring timing across inverse methods: (i) observation source, (ii) optimization method, indicating the application of scale factor correction to model priors, and (iii) optimization window, representing the length of time in which scale factors are estimated in the optimization procedure.
Regarding the first factor (observation source), CT2016 assimilates in situ data, which have continuous year-round coverage, whereas CMSb7.3 assimilates satellite observations derived from reflected sunlight, which have seasonal-dependent coverage over high latitudes. As such, the correction to fluxes occurring during polar winter and during snow cover in spring is minimal in CMSb7.3, especially for North Slope and Brooks tundra. However, the enhanced spatial coverage of GOSAT in summer provides a boost in peak summer uptake compared to CASA-GFED. Combining high-latitude flask, airborne, and satellite observations into a consistent global inversion framework will improve seasonal and spatial constraints and retain the advantage of dense satellite-observational coverage in summer.
Regarding the second factor (optimization method), Jena4.1 has no prior flux information and thus does not apply scale factor correction. This flexible approach produces an accurate representation of the seasonal transition in spring and fall, but with a trade-off in seasonal amplitude. CT2016 and CMSb7.3 optimize scale factors for NBP at regional and grid scale, respectively, as corrections to prior fluxes, and thus are more strongly weighted by prior information.
This less flexible approach produces more accurate representation of seasonal amplitude but leads to errors in the seasonal transition timing, which is strongly weighted by prior information under reduced observational coverage.
Regarding the third factor (optimization window), CMSb7.3 uses a monthly window; CT2016 uses a weekly (8 day) window. We propose that the smaller 8-day window allows more flexibility for data assimilation to adjust the spring transition date, which greatly affects the interpretation of seasonal C uptake dynamics. Alternative inverse methods which estimate scaling factors for gross fluxes (Deng, Jones, O'Dell, Nassar, & Parazoo, 2016) or persistent grid-scale biases (Lokupitiya et al., 2008; Parazoo, Denning, Kawa, Pawson, & Lokupitiya, 2012 ) permit a shift in seasonal NBP phase relative to prior information.
Early C uptake bias in CASA-GFED is consistent with CMIP5 model estimates of seasonal NBP in Alaska, which predict spring net C uptake onset to occur by an average of 18 days earlier than estimated by CARVE-Opt, with 7 of 10 models showing early bias exceeding 15 days, and three models showing a bias exceeding 1 month . In attributing the early C uptake bias, our analysis of GPP and TER fluxes in CASA-GFED indicates an accurate representation of the timing of TER in spring consistent with subnivean respiration, which is simulated in CASA-GFED as a function of soil moisture and temperature (Potter, Klooster, & Genovese, 2013) and in PVPRM as a function of soil temperature (Luus & Lin, 2015) . Our results, therefore, suggest early GPP onset as the primary culprit in tundra ecosystems. Satellite-constrained light use efficiency models that prescribe green biomass using reflectance-based vegetation indices typically predict earlier GPP onset PARAZOO ET AL.
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and larger spring C uptake in cold climate ecosystems compared to the same models constrained by SIF . Prognostic and diagnostic models used in CMIP5, IPCC, and NACP reports also have a well-known early spring GPP bias (Peng et al., 2015) , especially for temperatures below freezing (Schaefer et al., 2012) . It is critical for these models to account for survival adaptation under repeated exposure to frost, cold, and frozen soils, which limits root uptake of water and stomatal conductance (Bergh et al., 1998; Strand & € Oquist, 1985; Waring & Winner, 1996) and allows cold-adapted plants to avoid spring frost damage after budburst (Jeong, Medvigy, Shevliakova, & Malyshev, 2012 , 2013 and high radiation following snow melt-inhibiting photosynthetic C uptake (Zona et al., 2011) , thus delaying or reducing initial GPP. Other factors such as incorrect prescription of plant functional type also have important effects. Some models such as LPJ-GUESS simulate herbs (grasses) as a proxy for tundra vegetation which in reality may consist largely of shrubs. Grasses have a lowgrowing degree-day sum threshold for leaf onset and high light use efficiency which may explain early GPP onset in tundra in earth system models. The same issue also applies to conifers and diffuse-porous broadleaves, to which most boreal zone broadleaves belong. Our regional and site-level results support low levels of photosynthesis in tundra initially following snow melt and leaf out as well as longer time lag of~3 weeks for full phenological recovery.
| Outlook
Climate models disagree on the trajectory of C balance in northern terrestrial ecosystems under future warming. The advance of spring C uptake observed over the past several decades in these ecosystems is a key climate change metric, but subjected to high uncertainty in ecosystem model simulations, which systematically predict early growing season onset. Our results point to landscape thawing as a key driver of seasonal C cycle dynamics in cold northern ecosystems, and a likely factor contributing to early spring C flux biases reported in ecosystem models used in IPCC climate assessment reports for projections of future climate. Failure to account for cold season soil and biochemical processes will lead to biased model and empirical-based estimates of pan-Arctic C sinks which produce too strong of biogenic uptake. This would affect estimates of the timing and magnitude of the permafrost C feedback. Next steps are to quantify sensitivity of (i) spring thaw to meteorological inputs and soil physical processes and (ii) GPP onset to biological processes such as dehardening, xylem flow, and budburst.
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